Kapoeta significantly exceed what is expected from the time for cosmic-ray irradiation during the transit to Earth. Furthermore, the combination of Sm and Gd isotopic shifts, defined as ε Sm /ε Gd to understand the neutron energy spectrum, shows a different neutron irradiation environment for certain components of Kapoeta (ε Sm /ε Gd =1.9 ± 0.5, and 1.9 ± 0.7) from those of other meteorites and lunar samples (ε Sm /ε Gd =0.4-0.9). The isotopic data of Sm and Gd from Kapoeta suggest the irradiation of non-thermalized neutrons with the energies over 1 eV from the early Sun.
Introduction
Because planetary materials have been exposed to cosmic rays, the interactions of cosmic rays with the surface of the materials cause nuclear reactions.
The accumulation of the nuclear reactions leads to variations of stable isotopic compositions of some elements and production of radioisotopes in the planetary materials. Therefore, cosmic-ray exposure records of meteorites and lunar surface materials can be characterized by isotopic studies. However, meteorites have often experienced multi-stage irradiation according to their location in space. If the meteorite was buried deeper than a few meters in the parent body, it was shielded from cosmic rays irradiation before erupting from the parent body. After fragmentation of the large body by collisions, the smaller object is then irradiated. In this case, the meteorite is affected mainly from galactic cosmic rays (GCR) consisting of more energetic particles than solar cosmic rays (SCR)
On the other hand, SCR consists mainly of less energetic particles than GCR, so interacts with a very shallow surface layer of the target. Solar particles are implanted to at least micrometers depth (Rao et al., 1991) . The contribution of SCR exposure is considered to be observed in some regolith brecciated meteorites like Pesyanoe and Khor Temiki, both aubrites, that contain significant amounts of solar gas component (Marti, 1969; Lorenzetti et al., 2003) . This suggests the implantation of solar gas by an ancient solar wind before compaction of the regoliths on their parent asteroidal bodies. Kapoeta is a member of the howardite class of stony meteorites, and is also well known as a solar-gas-rich meteorite (Palma et al., 2002) . However, previous studies showed that Kapoeta has experienced a complex exposure history (Caffee and Nishiizumi, 2001 ).
Isotopic shifts in Sm and Gd caused by neutron capture effects are useful indicators to characterize the interaction of cosmic rays with planetary materials in space, because 149 Sm, 155 Gd and analyses of gas-rich brecciated meteorites other than aubrites were performed to find a possible contribution of the irradiation from the early Sun. Furthermore, a parameter from the combination of Sm and Gd isotopic shifts can be used effectively to determine the irradiated neutron data, which allows us to consider the irradiation conditions of target materials in space (Lingenfelter et al., 1972) . We will also discuss the possibility of solar neutron irradiation on the Kapoeta meteorite from the systematic isotopic data of Sm and Gd.
Experimental methods

Samples
Two samples of gas-rich meteorites, Northwest Africa 801 (hereafter NWA801; CR2), and Kapoeta (howardite), and two brecciated meteorites, Zag (H3-5) and Cook011 (L3-5), were used in this study.
NWA801 contains a significant amount of solar gas in the similar properties as Pesyanoe and Kapoeta. Cook011 was found on the Nullarbor Plain of Australia.
Zag is known to have halite and fluid inclusions showing early aqueous activity in the parent body. Cook011 and Zag show isotopic signatures of regolith brecciated meteorites from noble gas studies and contain significant amounts of solar Ne (Nagao, personal communication). Ar isotopic study shows a difference of exposure ages between gray matrix (H3-4) and light phases (H6) in Zag. The CRE age of 4.3 Ma for the light phase of Zag is interpreted as, while that of 66 Ma for the gray matrix is an additional 2π exposure age as precompaction exposure in the asteroidal regolith (Whitby et al., 2000) . Among the meteorite samples used in this study, Zag was previously used for Ba isotopic study (Hidaka et al., 2001 ). NWA801 and Cook011
were the same as the ones characterized by the noble gas isotopes (Nagao, personal
The Kapoeta meteorite is well known as a highly gas-rich meteorite that experienced early irradiation by cosmic rays, but its irradiation history is complicated and still disputable with regard to evidence for possible contribution of early solar irradiation during the regolith process (Wieler et al., 2000; Caffee and Nishiizumi, 2001 ). The data of cosmogenic radionuclides suggest that Kapoeta has a 4π exposure age of 3 Ma and a small body with a diameter about 20 cm (Caffee and Nishiizumi, 2001 ). Kapoeta also shows Sm isotopic evidence of neutron capture effects, possibly derived from precompaction, although the Sm isotopic shifts from several fragments provided significant variation up to the neutron fluence of (2.0 ± 0.4)x10 15 ncm -2 (Rajan and Lugmair, 1988) .
Chemical treatments
Each sample weighing 100 to 200 mg, was decomposed by HF + HClO 4 .
After evaporation to dryness, the sample was re-dissolved in 1 mL of 2M HCl.
Conventional ion exchange techniques using two-column procedures were carried out to chemically separate Sm and Gd. The first column packed with cation exchange resin (Bio-Rad AG50WX8, 200-400 mesh, H + form, 50 mm length, 4.0 mm inner diameter)
was used for the separation of the rare earth elements (REE) fraction from the major elements. The second column packed LN resin (Eichrom Tech. Inc., LN-B50-A, particle size 100-150 μm, 100 mm length, 2.5 mm inner diameter) for Sm and Gd separation from other REE (Hidaka and Yoneda, 2007) . A Micro-mass VG 54-30 thermal ionization mass spectrometer equipped with seven Faraday cup collectors was used for the isotopic measurements of Sm and Gd (Hidaka et al., 1999 (Shinotsuka et al., 1995) .
Results and discussion
Sm and Gd isotopic shifts
The isotopic compositions of Sm and Gd of individual samples are shown in properties of the target material of given chemical composition (Lingenfelter et al., 1972) . The data of CRE ages were cited from previous studies on cosmogenic nuclides (Whitby et al., 2000; Caffee and Nishiizumi, 2001; Nagao, personal communication On the other hand, Rajan and Lugmair (1988) Unfortunately, we cannot identify the specific materials having large isotopic shifts on Sm and Gd, but our data from Kapoeta #1 to #4 also suggest the existence of long-irradiated materials in the bulk sample. One could conclude that the first two leaching steps dissolved only very small fraction of the Kapoeta sample.
Zag also shows heterogeneous isotopic shifts on Sm and Gd caused by mixed irradiation records between irradiated and non-irradiated materials. and #3 are consistent with the CRE ages. Considering that Zag is a large meteorite with recovery mass of 175 kg (Grossman, 1999) , the pre-atmospheric size might have been large enough for some fragments to shield the 4π irradiation. Isotopic data of Zag #1 can be explained by two-component mixing between gray matrix and clast, considering the smaller isotopic shifts in Sm and Gd observed in Zag #1 relative to those observed in Zag #2.
Neutron fluences vs. CRE ages
Figure 2 compares the data from thermal neutron fluences from Sm isotopic shifts in this study with CRE ages from noble gas isotopic analyses of previous studies.
Although the CRE age of Kapoeta is complicated, it is assumed to be at least 10 Ma from previous studies (Caffee and Nishiizumi, 2001 ). Considering the difference in neutron production rate between aubrites and other meteorite species, the upper limit of 4π irradiation duration estimated from Norton County (CRE age=111 Ma, Ψ=1.48x10 16 n cm -2 ) is higher than those of other meteorites having high Σ eff (Hidaka et al., 2006) .
Two data points from Kapoeta #2 and #3 over the upper limit for the 4π irradiation duration in the figure show large excess in addition to the possible irradiation on the meteorite parent body, assuming 4π irradiation duration of 10 Ma for these two samples.
Two leachates Kapoeta #2 and #3 show significant neutron capture records, which is consistent with significant regolith exposure ages of some Kapoeta clasts. On the other hand, all of the other data can be explained by 4π and/or 2π irradiation in the meteoroidal body. The neutron fluence data suggest that some components of Kapoeta suffered from experienced pre-irradiation in the regolith before compaction.
Assuming that the pre-irradiation in the regolith occurred at depth around 150 g cm -2
which provides the highest thermal neutron production rate, at least 80-100 Ma of exposure duration is required to explain the neutron fluence of (7-9)x10 15 n cm -2 .
This scenario is consistent with the results of cosmogenic radionuclides from 10 Be, 26 Al, 36 Cl, and 53 Mn (Caffee and Nishiizumi, 2001) , revealing the existence of some constituents irradiated from an early active Sun.
The production rate of thermal neutrons depends upon the chemical composition of the target material and its depth location in the parent body. In particular, aubrites generally show higher neutron production rates than other meteorite species such as chondrites and howardites, because of the difference in chemical compositions in whole rock samples (Hidaka et al., 1999; . In general, macroscopic neutron capture cross section, Σ eff (cm 2 g -1 ) is effectively used for characterization of the whole rock sample (Lingenfelter et al., 1972) . Σ eff increases with the contents of Fe, Ti and REE. As shown in (Lingenfelter et al., 1972) , because the resonance energy for neutron capture is different between 149 Sm (0.0973 eV) and 157 Gd (0.0314 eV). The extent of neutron capture reactions also depends upon the chemical composition of the target, and the depth location of the sample in the meteoroid or meteorite parent body. Figure 3 shows a variation of ε Sm /ε Gd as a function of Σ eff , which is interpreted to be the result of differences in the neutron energy spectra. For comparison, the data of representative extraterrestrial materials such as lunar regolith, aubrites and chondrites are cited, and also plotted in the same figure.
The Σ eff value for Kapoeta is estimated as 0.0059, mainly from the chemical composition of major elements and REE (Fukuoka et al., 1977) . Even considering the differences in Σ eff values among the samples in this study, ε Sm /ε Gd values of Kapoeta #2
(1.9 ± 0.7) and #3 (1.9 ± 0.5) are higher than the others. The data suggest that Kapoeta #2 and #3 were irradiated by higher energy neutrons relative to thermalized neutrons.
In most cases, neutron capture reactions near the surface of planetary materials have occurred by thermalized neutrons produced from the interaction of GCR with the planetary materials. In particular, lunar regoliths and aubrites provide clear records of thermal neutron irradiation because of long GCR irradiation under 2π condition.
Calculated neutron fluences of the lunar regoliths from the Apollo 15, 16 and 17 landing sites suggest the irradiation history covering more than 1000 Ma corresponding to the neutron fluences of 1.9 to 9.0x10 16 n cm -2 (Russ et al., 1972; Russ, 1973; Curtis and Wasserburg, 1975; Hidaka et al., 2000; 2007) . is an exceptional case: it contains a large amount of solar gas component (Marti, 1969) , and its high and heterogeneous Sm and Gd isotopic compositions, indicating variations in neutron fluences (2.1 to 2.8x10 16 n cm -2 ) even in a fragment a few centimeters in size suggests the early irradiation record during the regolith process of Pesyanoe before compaction (Hidaka et al., 2006) . However, the low ε Sm /ε Gd values (0.37 to 0.51) of Pesyanoe suggest irradiation by thermalized neutrons. The ε Sm /ε Gd values of lunar regoliths range from 0.61 to 0.89 (Russ et al., 1972; Curtis and Wasserburg, 1975; Hidaka and Yoneda, 2007) . The ε Sm /ε Gd variation observed in a series of lunar samples depends mainly upon their chemical compositions. On the other hand, aubrites generally show lower ε Sm /ε Gd values (0.4-0.5) than those of lunar regoliths (Hidaka et al., 1999; . Considering the neutron energy spectra from the difference of the chemical compositions (Σ eff ), the difference of ε Sm /ε Gd values is reasonable, even from the similar neutron interactions produced from GCR irradiation. Since the prediction by Lingenfelter et al. (1972) supported information on the neutron energies up to at least 1 eV, we cannot simply estimate the neutron energies shown in Kapoeta #2 and #3
simply from the ε Sm /ε Gd values. However, very high ε Sm /ε Gd values of Kapoeta #2 (1.9 ± 0.7) and #3 (1.9 ± 0.5) cannot be explained only from the interaction by GCR-induced neutrons as far as we know through the Sm and Gd isotopic studies of extraterrestrial materials (Hidaka et al., 1999; Hidaka and Yoneda, 2007) . Neutron capture reactions caused by non-thermalized neutrons may be required to explain the high ε Sm /ε Gd values of Kapoeta #2 and #3.
NWA801 also shows a high ε Sm /ε Gd value (1.2 ± 0.4). However, its level is not clear enough to assess the interaction with high-energy neutrons because of the large analytical uncertainty. The parameter ε Sm /ε Gd varies not only with neutron energy (temperature) but also with the chemical composition of the target (Σ eff ). The model by Lingenfelter, Canfield and Hampel (1972) , hereafter LCH model, predicts that ε Sm /ε Gd values increase with Σ eff . In our previous study, the regolith samples from the Apollo 17 landing site, having similar Σ eff values (0.009 to 0.0095) with that of NWA801, show ε Sm /ε Gd of 0.74-0.82 (Hidaka and Yoneda, 2007) . Considering the Σ eff value (0.00955) and the large analytical uncertainty for NWA801, the ε Sm /ε Gd value of NWA801 is consistent with capture effects by thermalized neutrons.
The chemical composition data have shown that howardites consist of a mixture of eucrites and diogenites in different proportions except for siderophile elements (Fukuoka et al., 1977; Sisodia et al., 2001 (Consolmagno and Drake, 1977) , although the REE abundance is low because of dilution by other components. It is reasonable to find isotopic evidence for neutron capture effects possibly caused by solar neutrons from the acid-leached phases, because SCR particles have less energy than GCR. As another possibility to explain the high ε Sm /ε Gd values, GCR irradiation onto a small meteorite with a diameter less than 50 g cm -2 dominantly produce high energy neutrons (10 3 -10 6 eV) over the energy range of thermal and epi-thermal neutrons (Spergel et al., 1986) . Considering a 4π exposure age of 3 Ma for Kapoeta with a small body with a diameter about 20 cm suggested by cosmogenic radionuclides (Caffee and Nishiizumi, 2001) , the exposure condition of Kapoeta is sufficient to produce neutrons with energies over 1 eV. However, 4π exposure age of 3 Ma is too short to produce 150 Sm/ 149 Sm isotopic shifts corresponding to the neutron fluences of (7.0-9.0)x10 15 ncm -2 observed in two leachates. It is reasonable to consider the pre-irradiation in the regolith mainly to explain the significant neutron capture records.
Conclusions
Because howardites are considered to be fragments from the regolith of the parent body, it may be reasonable to identify the irradiation effect during the regolith process in some specific phases in the sample. Neutron energy information given by ε Sm /ε Gd in two acid-leachates of Kapoeta shows a clear difference from other extraterrestrial materials studied previously (Hidaka et al., 1999; Hidaka and Yoneda, 2007) . High ε Sm /ε Gd values of the Kapoeta leachates are due to the low isotopic shifts in Gd which have large analytical uncertainties. The results reveal that the neutrons acting on some parts of Kapoeta were not as well thermalized as those acting on the other materials. Irradiation of non-thermalized neutrons with the energies probably over 1 eV is a possibility to explain the higher ε Sm /ε Gd of some parts of Kapoeta. In general, GCR irradiation produces secondary neutrons which are eventually slowed down to thermal energies, reaching a maximum flux at a depth around 150 gcm -2 in the target. Another probable neutron source is the Sun.
Considering that the studied meteorite samples contain large amounts of gas components released from the Sun, it is reasonable to detect non-thermalized neutrons from the Sun from the Sm and Gd isotopic shifts caused by neutron capture reactions. All standard errors of the last digits indicated are 2σ of the mean.
STD1 is a non-irradiated standard material (Ψ=0 n cm -2 ).
STD2 is a neutron-irradiated standard material (Ψ=5.94x10 15 n cm -2 ). All standard errors of the last digits indicated are 2σ of the mean. Sm and Gd isotopic shift (ε Sm /ε Gd ) for extraterrestrial samples. A shaded zone represents thermalized neutron energy spectra based on LCH model (Lingenfelter et al., 1972) . The data points for open symbols (aubrites, chondrites, and A-15, 16, 17) are from references (Hidaka et al., 1999 (Hidaka et al., , 2000 (Hidaka et al., , 2006 Hidaka and Yoneda, 2007) . The data for closed symbols are in this study.
The error bars are calculated from the isotopic data with 2σ of mean. Kapoeta #2 and #3 are acid-leachates from 2M HCl and aqua regia, respectively. Kapoeta #4 is acid residueobtained after the acid-leaching treatment (see text). Sample/C1 chondrite
